The effect of cyclic perturbation on the mixing performance of millimeter-sized multiple air jets was investigated using flow visualization, hot-wire anemometry and laser Doppler anemometry techniques. Two types of external perturbation method were used, i.e., adding an acoustic sound and applying a pulsating flow to the jet. External acoustic sounds were found to be an additional dominant factor for the jet mixing, and in the multiple-jet case, the main jet located in the middle between the two same-sized jets was split into two, entrained into the neighboring jets, and eventually merged into one developed flow. For the pulsating-jet case, depending on the phase in one cycle, the jet flow condition alternately changed between laminar and turbulent. This affected the time-mean values of the jet flow profile. An adverse change in the mixing performance at the locations near the nozzle and far downstream was obtained between the pulsating-and steady-jet cases.
Mixing Characteristics of Multijet Modified
by Cyclic Perturbation
Introduction
Developing a fluid mixing enhancement technique which is effective in low-Reynolds-number flows is nowadays one of the essential topics in the industrial field. One example of this problem is a micro combustor incorporated in the micro gas turbine, which is regarded as one of the key units constituting the distributed energy supply system (1) . Since the hardware size and supplied fuel flow rate are relatively small, the Reynolds number of the flow in such combustors becomes small. This may cause a poor mixing between the fuel and air resulting in a lower combustion performance and the emission of undesirable exhausts such as CO, soot and unburned hydrocarbon. To tackle such problems, the authors have proposed a novel miniature can-type combustor consisting of millimeterscale multiple jets (2) , (3) . In this combustor, a baffle plate, to which several nozzle holes are drilled, is introduced where the fuel and air are supplied from the baffle plate through the nozzles. The air nozzles are circularly arranged to surround the center-located fuel jet. The mixing performance has been markedly improved in this system mainly due to the interaction between the central and surrounding jets and to the generation of a three-dimensional circulation formed in the downstream of the baffle plate. To have a better understanding of the mixing mechanism of such multiple jets, the authors previously studied the jets by hot-wire anemometry and flow visualization (4) . It has been shown that the interaction between each jet produces an early transition to turbulent flow compared with a single jet case and hence enhances the mixing performance. Ibrahim et al. (5) reported in their experimental study on "strong-jet/weak-jet coupling" in unburned conditions that the position of jet confluence of the strong jet and weak jet is a strong function of the distance between the nozzle ports, the angle between the two nozzle axes and their momentum ratio. Mostafa et al. also experimentally observed that three rectangular jets rapidly merged into one due to strong interaction among the jets (6) . In terms of transition to turbulent flow in jets, various techniques have been suggested and studied in the past decades. One typical and effective way is to actively Fig. 1 Experimental apparatus control the jet by externally applying a cyclic perturbation using acoustic sounds (7) , (8) . In particular, it is well known that when the cyclic frequency of the perturbation corresponds to the resonance frequency of the jet flow, the transition to turbulent flow can be attained at a dramatically shorter length. It is possible that such cyclic perturbation control is also effective in further enhancing the mixing performance of the multiple jets even under low-Reynolds-number conditions. Koller-Milojevic and Schneider (9) reported that low-Reynolds-number jets are momentarily disturbed even by the sound of a person's handclap. Shel'pyakov et al. (10) showed that a laminar free-jet is divided into two conical flows under the condition of acoustic sound addition. Thus, in the present study, the effects of cyclic perturbation on the flow and mixing characteristics of multiple jets are studied from an experimental approach. Two types of perturbation methods are applied here. One is the typical way using the acoustic sound generated from a loudspeaker. The other is by periodically changing the flow rate of the jet itself. Figure 1 shows the experimental apparatus of the Fig. 2 . Three jet nozzles were aligned closely to each other. For simplicity, hereafter the center jet will be referred to as the C-jet and the two side jets as S-jets. The flow rate of each air jet was individually controlled for discharge. The three nozzles had the same diameter, d = 4 mm, and the separation distance between the center of the C-jet and the S-jets, L, was fixed at 6.5 mm in the present study. Figure 3 shows a schematic of the laser sheet to visualize the jet flow patterns. A small amount of oil mist (di-ethyl-hexyl-sebacate, 1.0 µm in nominal diameter) was produced by the aforementioned particle generator and was mixed into the air before being provided to the jet. Time-sequential images and snapshots of the mistladen jet flows were taken using the CCD camera under the sheet-light illumination of an Nd:YAG high-repetitionrate pulsed laser through a cylindrical lens. The wavelength of the laser was 532 nm. The picture frame of the CCD camera was synchronized with the laser pulse and the frame rate was 15 frames/s.
Experimental Apparatus
The velocity distributions of the jets were measured in two ways. One was by using an I-type hotwire probe and constant-temperature hot-wire anemometry (Kanomax, Model 1011). The analogue signals obtained by the probe were quantized with a 12-bit A-D converter and analyzed with a personal computer. The other method was by using an LDV system. In this system, the laser produced by an argon-ion laser system (Spectra Physics, model 2017L-AR) having a wavelength of 488 nm was used. The Doppler burst signals from the scattering light of the particles were recorded and analyzed by a signal processor (DANTEC, BSA F50), which was linked to and controlled by a personal computer.
The acoustic sound used as one of the external cyclic perturbation sources was generated by a loudspeaker. This was connected to a function generator via an audio amplifier, denoted by "area A" in Fig. 1 . The sound frequency was varied by changing the electric signal waves from the function generator. The intensity of the sound was fixed at 74 dB, monitored at the center of the C-jet. This sound was monitored with a condenser microphone (Ono Sokki, MI-1233), whose output was analyzed by an FFT analyzer (Ono Sokki, CF-5220) through a preamplifier (Ono Sokki, MI-3310).
The other perturbation source was the flow pulsation generating unit, denoted by "area B" in Fig. 1 . The flow-pulsation generator was installed upstream of the jet, through which the pulsating flow was provided to the jet. This unit was composed of a cylindrical chamber and two and LDV measurements identical disks piled inside the chamber. Two holes were drilled diagonally to the center in each disk and one disk was rotated by a motor while the other was fixed to the chamber. The flow rate, therefore, periodically changed with the disk rotation, obtaining the maximum value when the hole location of each disk matched. Note that, when the acoustic sound addition experiment was carried out, this unit was detached from the system.
Results and Discussion

1 Comparison of single jet case and multijet case (without cyclic perturbation)
The interaction of the jets without cyclic perturbation will be discussed here. The Reynolds numbers of the jets are identical, Re = 1 050, on the basis of the nozzle diameter under the condition of the fluid temperatures of the jet and the atmosphere both being 20
• C. discharged. The open circles, •, depict the results obtained by linearly superimposing the velocity distributions of a single jet assuming that each jet is independent of others. Note that in the overlapping area of the jets where the data of two jets exist at an identical location, the value with larger velocity is selected. At the locations of x/d = 0.5, 10 and 20 in Fig. 4 , the velocity distributions of each case are the same, pointing out that no interaction occurs among the jets in this area. The maximum peak of each jet decreases at a location further downstream and the jet possesses a wider velocity profile due to the laminar jet diffusion. At x/d = 30, however, a noticeable difference is observed between the two distributions. In this region, the maximum peak of the multijet case conspicuously decreases and the velocity at the hem of the jets increases; namely, a flatter distribution is obtained. Although not shown here, from the flow visualization results, a transition of the flow from laminar to turbulent was clearly observed at the location in between 20 < x/d < 30. This can also be found in Fig. 5 , which illustrates the RMS value of the streamwise turbulence intensities. Not much difference is observed at x/d < 20, whereas at x/d = 30, the RMS value of the multijet case suddenly increases and is larger than that of the superimposed jet case. In the superimposed jet case, a similar increase is also observed but is located further downstream (x/d = 40). This implies that an early transition to turbulent flow is obtained by the in- teraction of the jets in the multijet case and entails a better mixing. It should be noted that in Fig. 4 , the total mass flow rate of the superposition case appears to be larger than that of the multijet case at x/d = 40. This is due to the fact that the fluid mixing and jet diffusion proceeded in a three-dimensional form, and that the jet spread more widely in the direction normal to the page in the multijet case. This was a common feature observed in the multijet cases discussed in the following sections. 3. 2 Effect of acoustic sound on mixing performance of multijet External acoustic sounds with relatively weak intensity (∼74 dB at the nozzle exit center) were found to be effective in the jet interaction and mixing in the present low Re regime. In the preliminary experiments, the effect of sound frequency on the jet flow was examined and the most effective frequency appeared to be f r = 345 Hz under the condition of Re = 1 050. The Strouhal number under this condition was St 0.35 if calculated using the nozzle diameter. Thus, the results of the experiment obtained under this condition is discussed in the following. tions of the two cases correspond to each other, indicating that no serious interaction occurs among the jets in this area. At the locations of x/d > 20, a significant difference is found and a better mixing is still achieved by applying an acoustic sound to the multijet. This is shown also in Fig. 7 , where a rapid increase in the turbulence intensity for the case with sound already appears at x/d = 20, which is further upstream than the case without sound. The most marked difference of the profiles in this figure is found clearly at x/d = 20. The C-jet located in the middle of the S-jets is bifurcated when the sound is added. This flow bifurcation was not found in the case without sound under any Reynolds number condition tested in the present study. Further downstream of this point, each part of the bifurcated jet interacts with the neighbor S-jets and is entrained outwards. These jets eventually merge into one developed jet, much earlier than in the case without sound. Figure 8 shows the images of the bifurcated jet captured with a high-speed digital video camera. It is clearly observed that the right and left eddies are alternately generated in the middle of the jet at x/d 20.
3 Effect of pulsating flow on mixing performance of multijet
The effect of the cyclic perturbation produced by pulsating the jet itself is discussed in this section. Note that the nozzle diameter of the jet discussed here was identical to the one shown in the previous sections. The nozzle separation distance, L, and the Reynolds number, how- ever, were changed to L/d = 1.475 and Re = 1 550. Re for the pulsating-jet case was defined using the time-mean velocity of the jet. The frequency of the pulsating jet was 1 Hz and was much smaller than that of the previously discussed acoustic sound case. Thus, the Strouhal number was St = 7.22 × 10 −4 , on the basis of the nozzle diameter and jet mean velocity. The oscillating amplitude, a, is approximately a/U 0 0.5, where U 0 is the timemean velocity measured at the center of the nozzle exit. Figure 9 shows the streamwise velocity distributions of a single pulsating jet compared with those in a steady jet case. The solid and open circles represent the cases of pulsating and steady jets, respectively. Both values are normalized by U s0 , which is the maximum jet velocity of the steady-jet case measured at x/d = 0.25. At x/d = 0.25, the pulsating-jet case possesses a smaller velocity at the center. This becomes more obvious at the locations of x/d = 10 and 20, in which the jet center velocity decreases more rapidly in the pulsating-jet case than in the steadyjet case. A wider spanwise velocity distribution is also obtained by the pulsating jet, indicating that a larger diffusion is caused in this case. On the contrary, an adverse situation appears at x/d = 30. At this location, the steady jet has a smaller maximum peak and a smoother pattern than the pulsating jet, which implies that the steady jet is diffused more in this area. The reason for this is considered to be as follows. The Re number of the pulsating jet is 1 550 and is close to the range of the jet transition to turbulent flow. Hence, at the period when the pulsating jet takes its maximum velocity, the instantaneous Re is large and the jet makes the transition to turbulent flow further upstream close to the nozzle exit. On the other hand, at the period when the jet exit velocity is small, the instantaneous Re becomes small and the jet remains laminar even at the location of x/d = 30. This can be clearly seen in the visualization results shown in Fig. 10 . In the figure, snapshots of each phase equally dividing one cycle are depicted, where T is the time period of one cycle. At t = 1/5T , the instantaneous mass flow rate of the jet is small and the jet is laminar at x/d = 50. At t = 2/5T , in which the velocity is increased, the jet starts to transit to turbulent flow in an early stage of the downstream of the jet, and at t = 3/5T , a turbulent jet discharging from the nozzle exit is observed. As t further increases, the transition location moves downstream. In the case where the time-mean value is discussed, the effect of the jet at the period of maximum velocity is relatively conspicuous in the area adjacent to the nozzle exit and the jet diffuses more than in the steady-jet case. On the contrary, the influence of the laminar jet profile obtained at the period of minimum velocity is large in the downstream area and the apparent diffusion is smaller than in the steady-jet case. Figures 11 and 12 show the results of a triplepulsating-jet case compared with those of singlepulsating-jet and triple-steady-jet cases. U 0 in Fig. 11 is the time-mean jet-center velocity of each case obtained from the center jet at x/d = 0.25. U s0 in Fig. 12 is the jet-center velocity at x/d = 0.25 of the steady jet case. In Fig. 11 , the velocity of the triple-jet case decreases more rapidly than that of the single-jet case at the downstream side of the jet. At x/d = 30, a smooth distribution is obtained in the triple-jet case, indicating that a better mix-ing (diffusion) is attained due to the interaction among the multiple jets. In Fig. 12 , at the locations of x/d = 0.25 and 10 located close to the nozzle, indeed the peak velocity of the C-jet is smaller in the pulsating-jet case, whereas at x/d = 15, the trend of both velocity profiles is in reverse order; namely, the steady-jet case takes a smaller velocity and smoother distribution.
Conclusions
The mixing characteristics of a single jet and aligned triple jets discharged under the condition of cyclic perturbation have been discussed in the present paper. Two types of perturbation processes were applied, i.e., external acoustic sound addition and pulsation of the jet flow itself. The major conclusions obtained are as follows:
In the acoustic sound case, an earlier transition of the jet from laminar to turbulent flow took place compared with that in the case without sound, and an effective mixing performance was obtained. This effect also appeared in the triple-jet case in addition to the mixing enhancement effect associated with the interaction among the jets. Moreover, a bifurcation phenomenon of the center jet was found in the triple-jet case, where each split jet was entrained to the side jets.
In the pulsating-jet case, comparing the time-mean velocity pattern of a single jet with and without pulsating motion, a better mixing was found in the vicinity of the nozzle exit in the pulsating-jet case. On the contrary, further downstream at the location of x/d ≥ 30, an inverse phenomenon appeared; namely, the case without pulsation showed a better mixing. This was believed to be related to the instantaneous characteristics of the pulsating jet. Since the Reynolds number of the tested jet was in the range of 1 500 and was close to the transition Re number, the jet varied between a laminar jet and a fully developed turbulent jet in one cycle. When the time-mean value was considered, the latter jet showed a larger influence in the region close to the jet and vice versa.
